The aspermia mutation of the rat exhibits male sterility caused by arrest of spermatogenesis, which is controlled by an autosomal single recessive gene (as). The as locus has been mapped on rat chromosome 12. We recently identified a causative mutation for the aspermia phenotype of the as homozygous rats in the gene encoding Fkbp6, a member of the immunophilins FK506 binding proteins. In this paper, we report the fine mapping of the as locus by linkage analysis combined with comparative mapping using rat, mouse, and human genomic sequences and expression analysis of genes located in the as region. We constructed a fine linkage map of the region of rat chromosome 12 close to the as locus by using 13 microsatellite markers and localized the as locus to a 1.0-cM interval. Comparison of the linkage map with physical maps of rat, mouse, and human refined the as critical region in a 2.2-Mb segment of the rat physical map between the D12Nas3 and D12Nas8 genes, which includes the Fkbp6 gene. A centromeric part of this segment corresponds to the region commonly deleted in Williams syndrome, a human complex developmental disorder, on human chromosome 7q11.23. The expression analysis of 23 genes located on the 2.2-Mb segments in various mouse tissues identified genes exclusively or strongly expressed in the testis.
Introduction
An aspermia mutation of the TT rat strain spontaneously arose in a Wistar-Imamichi rat colony [6] . The aspermic phenotype is controlled by an autosomal single recessive gene (as) which has been mapped on rat chro- [11] . The homozygous male rats are sterile and showed arrested spermatogenesis at the pachytene spermatocyte stage, whereas the heterozygous males and both homozygous and heterozygous females are fertile and show no apparent abnormality. In the spermatogenesis of the as homozygous rats, formation of multinucleated giant cells and spermatocytes containing a characteristic 'inclusion-like body' in the cytoplasm have been observed [1, 13] . A spermatogonial transplantation experiment revealed that the effects of the as mutation in germ cell differentiation are cell autonomous [12] . Due to the restricted nature of the as mutation, which affects only spermatogenesis, the as homozygous rats might be an excellent model for studying mammalian spermatogenesis and male infertility in humans.
We recently identified the causative mutation of the as locus in the gene encoding FKBP6, a member of the immunophilins FK506 binding proteins [8] , and found that the targeted disruption of the Fkbp6 gene in the mouse also caused an aspermic phenotype similar to that of the as homozygous rats [3] . Although the mutation in the Fkbp6 gene was already known, we thought that the fine mapping of the region close to the as locus combined with comparative mapping of the rat and human corresponding regions and expression analysis of genes located in the as critical region were necessary for further investigation of the as mutant rat for the following two reasons. 1) A significant difference has been observed between the phenotypes of the as homozygous rats and the Fkbp6 knockout mice. For example, the as homozygous rats showed dysfunction in the blood-testis barrier [12] , which has not been found in the Fkbp6 knockout mice. These differences could be due to a species difference between the rat and mouse, but it could also be possible that an allelic difference in the function of particular genes close to and cosegregating with the Fkbp6 gene is responsible for the distinct phenotype of the as homozygous rats.
2) The region of rat chromosome 12 including the as locus corresponds to a region of human chromosome 7 in which the commonly deleted segment of human Williams syndrome is localized [4] . Since a patient with this syndrome showed defect of spermatogenesis [5] , a comparison of the rat and human corresponding regions is important for defining the relation between the rat and human diseases. We, therefore, performed fine mapping of the as locus by linkage analysis and compared the rat linkage map with mouse and human physical maps in the present study. We also performed expressions analysis of genes located in the as critical region.
Materials and Methods

Experimental cross and genotyping
A total of 304 male F 2 rats including 90 affected and 214 unaffected rats were obtained by intercross of heterozygous (+/as) F 1 rats, derived from the cross between heterozygous male rats of TT strain and BN female rats. Testes of all male F 2 rats were histologically examined to confirm the phenotype. Genomic DNA samples of the male F 2 rats were obtained from livers by phenol extraction and the genotypes of microsatellite markers on the rat chromosome 12 were determined. Twenty nanograms of the genomic DNA were subjected to PCR amplification in a 10 µl reaction mixture, containing 1.5 mM Mg
2+
, with 40 cycles consisting of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min. The PCR products were typed by polyacrylamide or agarose gel electrophoresis. The primers for the microsatellite markers were either purchased from Research Genetics Inc. (Huntsville, AL, USA) or synthesized following the sequences data (http://www.well.ox.ac.uk/ rat_mapping_resources). The recombination fractions were calculated and the order of loci was determined so that the number of recombination events was minimized by using MapMnager QT Ver. 3.0 program.
New microsatellite markers on the critical region
New microsatellite markers were obtained by searching GA/TC repeats on the sequence data of the region of rat chromosome 12 close to the as locus. The sequence data was obtained from the Project of Comparative Vertebrate Sequences at the NIH Intramural Sequencing Center (https://www.nisc.nih.gov/) or the Rat Genome Project at the Human Genome Sequencing Center, Bayer College of Medicine (http:// www.hgsc.bcm.tmc.edu/projects/rat/). In total, nine new microsatellite markers were obtained from the sequence data. The nucleotide sequences of the primers for these markers are shown in Table 1 . The genotypes of these microsatellite markers in the F 2 males were determined with the same conditions as described above.
RT-PCR for examining the expression of genes
RT-PCR for evaluating the expression of 23 genes on the as critical region was performed with the following conditions. Total RNA samples of brain, heart, lung, liver, spleen, stomach, intestine, kidney, muscle, and testis of ICR mouse were subjected to RT-PCR. First-strand cDNA was synthesized from 10 µg of the total RNA, using oligo d(T) primer and used for PCR amplification with primer pairs for the 23 genes. The nucleotide sequences of these primers are shown in Table 2 . The PCR amplification was carried out for 30 to 40 cycles, consisting of 94°C for 45 s, 50-58°C for 45 s, and 72°C for 120 s in 10 µl reaction mixture containing 1.5 mM Mg 2+ . The PCR products were electrophoresed through 3% agarose gel.
Results
Fine linkage mapping of the as locus
For initial screening of the localization of the as locus, the 90 affected male rats were typed for eight microsatellite markers on rat chromosome 12. By analyzing segregation of alleles of the eight markers in the F 2 progeny, D12Rat8 was mapped close to the as locus with three recombination events and D12Rat29 was placed on the other side of the as locus with four re- and D12Rat38, showed no recombination with the as locus. Therefore, the as locus was mapped in a 5.0-cM region between D12Rat8 and D12Rat29. The initial screening revealed that the as locus was close to the Mdh2 (D12Wox10) gene. This gene has been included in the rat physical map constructed by the Project of Comparative Vertebrate Sequences at the NIH Intramural Sequencing Center. In order to make a fine linkage map of this region and determine the correspondence between the linkage map and physical map, we obtained nine new microsatellite markers (D12Nas1 to D12Nas9) in this region by searching GA/TC repeats in the sequence data of the rat genome ( Table 1) . The 90 affected and 214 unaffected F 2 male rats were then typed for these nine new markers as well as four of the eight markers. All affected rats were homozygous for the alleles of the TT strain in six of the 13 markers (D12Nas3, D12Nas4, D12Rat38, D12Wox10, D12Nas5, D12Nas6, and D12Nas7) and no homozygous rat for these alleles was observed in the unaffected rats, indicating no recombination had occurred between the as locus and these six markers. On the other hand, more than one recombination event was found between the as locus and the remaining seven markers (Fig. 1) . These findings refined the as region in the 1.0-cM interval between D12Nas3 and D12Nas8. Localization of these markers on the physical map are shown in Fig.  2 . There are some gaps in the rat physical map between these two makers. We, therefore, compared the rat physical maps with a mouse single physical map (http://www.ncbi.nlm.nih.gov/genome/guide/mouse/ index.html), and found that the as critical region corre- 
Comparative mapping of the as region
As shown in Fig. 2 , the as critical region is homologous to the region of human chromosome 7q11.23 to 7q22. We placed the genes in the corresponding region of human genome sequence (http:// www.ncbi.nlm.nih.gov/genome/guide/human/) on the rat physical map by searching the homologous sequence in the rat and mouse genome sequences. As a result, 23 genes including the Fkbp6 gene were identified in the as critical 2.2-Mb region which is flanked by the Cldn4 and Pai1 genes. Furthermore, comparison of the human and rat or mouse physical maps indicated that there are two inverted regions between human and rat or mouse and that the centromeric 0.4-Mb segment of the as region (between Cldn4 and Pom121) corresponds to the commonly deleted region of human 7q11.23 implicated in Williams syndrome (Fig. 2) . 
Expression analysis of the genes in the as region
We, next, examined expression of the 23 genes in the as region in various mouse tissues by RT-PCR. Nineteen out of the 23 genes were expressed in the testis (Fig. 3) . Among the 19 genes, Fzd9, Fkbp6, Npd007, and Zp3 were exclusively expressed in the testis, and Cldn3, Tbl2, Bcl7b, Pom121, Hip1, Tmpit, and Cutl1 were strongly but not exclusively expressed in the testis. The expression patterns of Tbl2, Fzd9, and Cutl1 were not discordant with those previously reported [14, 16, 17] .
Discussion
In the present study, we mapped the as locus on the 2.2-Mb region of rat chromosome 12 containing the Fkbp6 gene and confirmed the testis specific expression of the Fkbp6 gene. These findings further support evidence that the Fkbp6 gene is the causative gene for the phenotype of the as mutant. The 0.4-Mb segment of the 2.2-Mb region, flanked by Cldn4 and Pom121, Fig. 3 . Expression of genes in the as region in various mouse tissues. The tissue specific expressions of 23 genes, which locate in the as critical region, were examined by RT-PCR using RNA samples obtained from brain, heart, lung, liver, spleen, stomach, intestine, kidney, muscle, and testis. Expression of Gapdh gene in these tissues is also shown as a positive control. The right-end lanes are RT-PCR products without RNA, as negative controls.
corresponds to the region of human chromosome 7 implicated in human Williams syndrome. The human Williams syndrome is a complex developmental disorder involving defects of the cardiovascular, connective tissue and central nervous systems [2, 10] , resulting from heterozygous or hemizygous micro-deletion of a 1.6-Mb segment of human chromosome 7q11.23 [4] . In addition to these symptoms, defect of spermatogenesis has also been reported in a male patient with Williams syndrome [5] . The present findings indicate the possibility that the Fkbp6 gene is also responsible for the spermatogenic failure in the Williams syndrome. We identified the 23 functional genes in the as critical 2.2-Mb region. Their expression in the various tissues including testis was examined by RT-PCR. Most of these genes in this region were expressed in the testis. Nineteen genes out of the 23 genes examined were expressed in the testis, while only 2 to 10 genes were respectively expressed in other tissues. Particularly, all of the 17 genes on the approximately 2-Mb segment between Wbscr14 and Cutl1 were expressed in the testis. These findings suggest the possibility that regional regulation of gene expression such as longrange change of chromatin structure underlies this phenomenon. Alternatively, the expression of these genes in the testis may be only a part of the general promiscuous transcription during spermatogenesis, since many genes which have no particular function in the testis have been reported to be expressed at particular stages of spermatogenesis due to chromatin rearrangement during meiosis [15] . However, several genes including Tbl2, Pom121, Ndp007, and Tmpit were exclusively or strongly expressed in the testis suggesting particular functions of these genes in the testis. Therefore, these genes in addition to the Fkbp6 gene could also be candidates for the spermatogenic failure in Williams syndrome.
We have previously reported that the testes of the as homozygous rats showed dysfunction in the blood-testis barrier system in addition to the arrest of spermatogenesis [12] . The leaky blood-testis barrier in the as homozygous rats is likely to be caused by defects of tight junctions between Sertoli cells. Although we have already found the mutation in the Fkbp6 gene that is responsible for the arrest of spermatogenesis, we have not yet identified the cause for the dysfunction of the blood-testis barrier in the as homozygous rats. Notably, Cldn3 (Claudin 3) gene encoding a membrane binding protein that forms intercellular tight junction of epithelial cells [7, 9] was mapped in the as critical region and strong expression of the gene in the testis was observed in the present study (Fig. 3) . The most possible explanation for the dysfunction of the bloodtestis barrier in the as homozygous rats is that the arrested spermatogenesis in the seminiferous tubule, which is caused by the mutation of the Fkbp6 gene, triggers off the dysfunction of the barrier. However, it could also be possible that altered function of the Cldn3 gene causes a defect in the tight junction between Sertoli cells resulting in dysfunction of the barrier. Further pathological evaluation of the barrier function in the as rats and knockout mice for Fkbp6, as well as functional analysis of the Cldn3 gene in these rats and mice are required to evaluate these possibilities.
